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ABSTRACT 

P e r t u r b a t i o n s  due t o  s o l a r  g r a v i t y  , l u n a r  g r a v i t y  , 
and s o l a r  p r e s s u r e  have r e c e n t l y  been added t o  t h e  MSFC O r b i t a l  
L i f e t i m e  Program. T h i s  MSFC developed  p e r t u r b a t i o n  s u b r o u t i n e  
d i d  n o t  a f f e c t  t h e  p r e d i c t e d  l i f e t imes  o f  t h e  A A P  m i s s i o n ,  b u t  
would a f f e c t  a s a t e l l i t e  i n  a much h i g h e r  o r b i t .  

The p r i n c i p a l  e q u a t i o n s  and c o m p u t a t i o n a l  approach  o f  
t h e  l i f e t i m e  model are  d i s c u s s e d .  B a s i c a l l y ,  t h e  program numeri-  
c a l l y  i n t e g r a t e s  t h e  s e c u l a r  d e r i v a t i v e s  of t h e  o r b i t a l  e l e m e n t s  
t o  c a l c u l a t e  l i f e t i m e .  Because t h e  s e c u l a r  v a r i a t i o n s  are  s l o w ,  
a c c u r a c y  can b e  m a i n t a i n e d  even w i t h  r e l a t i v e l y  l a rge  i n t e g r a t i o n  
s t e p s .  Thus ,  a 400  day l i f e t i m e  can be computed i n  1-1/2 m i n u t e s .  
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I .  I n t r o d u c t i o n  

M a r s h a l l  Space F l i g h t  C e n t e r ’ s  O r b i t a l  L i f e t i m e  Pro-  
gram i s  t h e  b a s i s  f o r  t h e  p r e d i c t i o n  of  o r b i t a l  l i f e t i m e s  used  
i n  m i s s i o n  p l a n n i n g .  B e l l c o r n ’ s  v e r s i o n  o f  t h i s  program i s  now 
upda ted  t o  i n c l u d e  t h e  e f f e c t s  o f  s o l a r  g r a v i t y ,  s o l a r  p r e s s u r e ,  
and l u n a r  g r a v i t y  i n  o r d e r  t o  remain c o m p a t i b l e  w i t h  MSFC. 

The program computes l i f e t i m e s  by i n t e g r a t i n g  t h e  t i m e  
d e r i v a t i v e s  of  a s e t  of  o r b i t a l  e l e m e n t s .  T h i s  i n t e g r a t i o n  re- 
s u l t s  i n  t h e  knowledge of  t h e  s a t e l l i t e  o r b i t  e l e m e n t s  b u t  n o t  
t h e  e x a c t  p o s i t i o n  of  t h e  s a t e l l i t e  i n  o r b i t  a t  a p o i n t  i n  t i m e .  
S i n c e  t h e  o r b i t a l  e l e m e n t s  change ve ry  s l o w l y  u n t i l  t h e  l a s t  
phase  of t h e  decay ,  i n t e g r a t i o n  s t e p s  o f  a f e w  days  may b e  used .  
These  l a r g e  i n t e g r a t i o n  s t e p s  r e s u l t  i n  ve ry  r a p i d  computa t ion .  
Even w i t h  t h i s  r a p i d  computa t ion ,  t h i s  method can c a l c u l a t e  l i f e -  
t imes of a c t u a l  decayed s a t e l l i t e s  w i t h  an e m o r  a s  low a s  .25 
p e r c e n t .  

11. The O r b i t a l  L i f e t i m e  Program 

The o r b i t a l  e l emen t s  i n t e g r a t e d  b y  t h e  program a r e  
t h e  r a d i u s  of  p e r i g e e ,  r a d i u s  of  apogee,  i n c l i n a t i o n ,  argument 
of  p e r i g e e ,  and l o n g i t u d e  o f  a scend ing  node deno ted  b y  r; r p’  a’  
i ,  W ,  and Cl r e s p e c t i v e l y .  The t i m e  r a t e  o f  change of t h e s e  
e l e m e n t s  i s  d e r i v e d  u s i n g  t h e  methods of g e n e r a l  p e r t u r b a t i o n  
t h e o r y .  E q u a t i o n s  of  t h e  form 

- dX = fR{X,t)eR F + f,CA,t}eL - F + fHCX,t}gH - F - 
d t  

r e s u l t  f o r  each  o r b i t a l  e l emen t ,  A .  I n  t h e s e  e q u a t i o n s  i s  t h e  
p e r t u r b a t i o n  f o r c e  and e R ,  eL ,  and eH are  u n i t  v e c t o r s  i n  an 
o r t h o g o n a l  sys t em c e n t e r e d  on t h e  s a t e l l i t e .  

I 
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The ma jo r  p e r t u r b a t i o n  f o r c e  on an e a r t h  o r b i t i n g  
s a t e l l i t e  i s  a t m o s p h e r i c  d r a g .  The drag f o r c e  p e r  u n i t  mass 
i s  g i v e n  by 

C A  
m 

1 -2 D - 
FD = TQV - 

where: p = a t m o s p h e r i c  d e n s i t y  
v 
CD = d r a g  c o e f f i c i e n t  
A = area normal  t o  f low 
m = mass of s a t e l l i t e .  

= r e l a t i v e  v e l o c i t y  between s a t e l l i t e  m d  a tmosphere  

S i n c e  d r a g  depends on t h e  r e l a t i v e  v e l o c i t y  between 
t h e  v e h i c l e  and t h e  a tmosphere ,  t h e  i n e r t i a l  v e l o c i t y  of t h e  
s a t e l l i t e  must be c o r r e c t e d  f o r  a t m o s p h e r i c  r o t a t i o n .  The p ro -  
gram assumes t h a t  t h e  atmosphere i s  r i g i d l y  a t t a c h e d  t o  t h e  e a r t h  
and t h e r e f o r e  has  an a n g u l a r  v e l o c i t y  e q u a l  t o  t h a t  of t h e  e a r t h .  
Only i n - p l a n e  v e l o c i t y  components are  c o n s i d e r e d  r e s u l t i n g  i n  t h e  
m u l t i p l i c a t i o n  of t h e  i n e r t i a l  v e l o c i t y  by  t h e  f a c t o r :  

w 
(1 - - c o s i )  n 

where n i s  t h e  mean motion of t h e  s a t e l l i t e  and w i s  t h e  r o t a t i o n  
r a t e  of  t he  e a r t h .  

P 

The area normal  t o  t h e  f low and t h e  drag c o e f f i c i e n t s  
f o r  t h e  s a t e l l i t e  are  i n p u t  d a t a ,  T h e r e  i s  a p r o v i s i o n  i n  t h e  
program for t umbl ing  s a t e l l i t e s  i n  which t h e  d rag  area and drag 
c o e f f i c i e n t  are c o r r e c t e d .  

Atmospheric d e n s i t y  i s  a f u n c t i o n  of  a l t i t u d e ,  p o s i -  
t i o n  w i t h  r e s p e c t  t o  t h e  e a r t h - s u n  l i n e ,  d a t e ,  and t i m e  of day .  
Dependence of t h e  d e n s i t y  on t i m e  and da te  i s  due t o  v a r i a t i o n s  
o f  ene rgy  coming from t h e  sun. T h i s  v a r i a t i o n  i s  t a k e n  i n t o  
accoun t  i n  t h e  program b y  r e l a t i r i g  i t  t o  t h e  smoothed s u n s p o t  
number, or t h e  1 0 . 7  ern f l u x .  A t a b l e  of t h e s e  v a r i a b l e s  i s  pub- 
l i s h e d  b y  t h e  Space Environment Branch of MSFC e v e r y  t h r e e  months 
g i v i n g  t h e  p r e d i c t e d  v a l u e s  of t h e  10.7 cm f l u x  and smoothed sun- 
s p o t  number f o r  t h e  nex t  11 y e a r s .  The l a t e s t  upda ted  t a b l e s  
s h o u l d  a l w a y s  be used i n  t h e  program. These dynamic d e n s i t y  
r e l a t i o n s  a re  d i s c u s s e d  i n  more d e t a i l  i n  r e f e r e n c e  2 .  
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The m a j o r  p e r t u r b a t i o n  f o r c e  on an ear th  o r b i t i n g  
s a t e l l i t e  i s  a t m o s p h e r i c  drag. The d r a g  f o r c e  p e r  u n i t  mass 
i s  g i v e n  by 

C A  1 -2 D - 
F D = P V  

where: p = a t m o s p h e r i c  d e n s i t y  
- 
V = r e l a t i v e  v e l o c i t y  between s a t e l l i t e  and a tmosphere  
C D  = d r a g  c o e f f i c i e n t  
A = area normal  t o  f l o w  
m = mass of  s a t e l l i t e .  

S i n c e  drag depends on t h e  r e l a t i v e  v e l o c i t y  between 
t h e  v e h i c l e  and t h e  a tmosphere ,  t h e  i n e r t i a l  v e l o c i t y  of t h e  
s a t e l l i t e  must b e  c o r r e c t e d  f o r  a t m o s p h e r i c  r o t a t i o n .  The p ro -  
gram assumes t h a t  t h e  atmosphere i s  r i g i d l y  a t t a c h e d  t o  t h e  e a r t h  
and t h e r e f o r e  has an a n g u l a r  v e l o c i t y  e q u a l  t o  t h a t  of t h e  ea r th .  
Only i n - p l a n e  v e l o c i t y  components are c o n s i d e r e d  r e s u l t i n g  i n  t h e  
m u l t i p l i c a t i o n  of t h e  i n e r t i a l  v e l o c i t y  by t h e  f a c t o r :  

w 
(1 - - c o s i )  n 

where n 
r a t e  of  

for t h e  
program 

i s  t h e  mean motion of t h e  s a t e l l i t e  and w i s  t h e  r o t a t i o n  
t h e  e a r t h .  

P 

The area normal  t o  t h e  f low and t h e  d r a g  c o e f f i c i e n t s  
s a t e l l i t e  a r e  i n p u t  data .  T h e r e  i s  a p r o v i s i G n  i n  t h e  
for t u m b l i n g  s a t e l l i t e s  i n  which t h e  d r a g  area and d r a g  

c o e f f i c i e n t  are  c o r r e c t e d .  

Atmospheric  d e n s i t y  i s  a f u n c t i o n  o f  a l t i t u d e ,  p o s i -  
t i o n  w i t h  r e s p e c t  t o  t h e  e a r t h - s u n  l i n e ,  d a t e ,  and t i m e  of day .  
Dependence of t h e  d e n s i t y  on time and d a t e  i s  due t o  v a r i a t i o n s  
o f  ene rgy  coming from t h e  sun. T h i s  v a r i a t i o n  i s  t a k e n  i n t o  
accoun t  i n  t h e  program b y  r e l a t i n g  i t  t o  t h e  smoothed s u n s p o t  
number, or t h e  1 0 . 7  ern f l u x .  A t a b l e  of  t h e s e  v a r i a b l e s  i s  pub- 
l i s h e d  b y  t h e  Space Environment Branch of MSFC eve ry  t h r e e  months 
g i v i n g  t h e  p r e d i c t e d  v a l u e s  of t h e  10.7 em f l u x  and smoothed sun- 
s p o t  number f o r  t h e  nex t  11 y e a r s .  The l a t e s t  upda ted  t a b l e s  
s h o u l d  a l w a y s  be  u s e d  i n  t h e  program. These dynamic d e n s i t y  
r e l a t i o n s  are  d i s c u s s e d  i n  more d e t a i l  i n  r e f e r e n c e  2 .  
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The t a b l e  o f  1 0 . 7  cm f l u x  and smoothed s u n s p o t  number 
g i v e s  v a l u e s  for a + 2 a ,  nominal ,  and -2a l e v e l  o f  a c t i v i t y .  
Each l e v e l  of s o l a r  a c t i v i t y  produces  a c o r r e s p o n d i n g  decay  h i s -  
t o r y ,  w i t h  t h e  + 2 a  l e v e l  g i v i n g  t h e  s h o r t e s t  l i f e t ime .  MSFC has 
shown t h a t  t h i s  + 2 0  l e v e l  o f  a c t i v i t y  w i l l  g i v e  a " g u a r a n t e e d "  
l i f e t i m e .  T h i s  "gua ran teed"  l i f e t ime  i s  c o n s i d e r e d  t o  b e  t h e  
w o r s t  c a s e  and as such  i s  used i n  m i s s i o n  p l a n n i n g  work. 

The a c c u r a c y  o f  t h e  l i f e t ime  model p r e d i c t i o n  i s  
by t h e  f o r e c a s t  of t h e  s o l a r  a c t i v i t y  i n p u t  
good s o l a r  a c t i v i t y  i n p u t  d a t a ,  t h e  l i f e t i m e  model  i s  v e r y  
a c c u r a t e .  For example,  when IvlSFC used  as i n p u t  data t h e  
obse rved  v a l u e s  of s o l a r  a c t i v i t y ,  p r e d i c t e d  and  a c t u a l  s a t e l -  
l i t e  l i f e t i m e s  a g r e e d  t o  w i t h i n  . 2 5  p e r c e n t .  

l i m i t e d  
da t a .  However, g i v e n  

The e f f e c t  o f  a n o n - s p h e r i c a l  e a r t h  can  b e  i n c o r p o r a t e d  
i n t o  t h e  d e n s i t y  model b y  c o r r e c t i n g  t h e  r a d i u s  of  t h e  e a r t h ,  
T h i s  c o r r e c t e d  e a r t h  r a d i u s  i s  c a l c u l a t e d  by 

J R~ = R - f s i n  2 i s i n 2  ( w + o )  eq 

where:  Re = ea r ths  c o r r e c t e d  r a d i u s  
R = e a r t h  r a d i u s  a t  e q u a t o r  
f = f l a t t e n i n g  c o e f f i c i e n t  
0 = t r u e  anomaly. 

eq 

T h i s  v a l u e  o f  t h e  e a r t h ' s  r a d i u s  i s  used  t o  d e t e r m i n e  t h e  a l t i t u d e  
for t h e  d e n s i t y  t a b l e .  

The e a r t h ' s  n o n - s p h e r i c a l  g r a v i t a t i o n a l  f i e l d  c a u s e s  
a small p e r i o d i c  o s c i l l a t i o n  o f  t h e  s a t e l l i t e ' s  r a d i u s .  T h i s  
c a u s e s  t h e  s a t e l l i t e ' s  r a d i u s  t o  be  approximated  by 

where:  J2  = c o n s t a n t  of e a r t h l s  second z o n a l  harmonic 

e = e c c e n t r i c i t y .  

T h i s  o s c i l l a t i n g  r a d i u s  i s  a l s o  used t o  d e t e r m i n e  t h e  a l t i t u d e  
f o r  t h e  d e n s i t y  t a b l e .  
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The t a b l e  o f  1 0 . 7  cm f l u x  and smoothed s u n s p o t  number 
g i v e s  v a l u e s  f o r  a t 2 a ,  nominal ,  and -2a l e v e l  o f  a c t i v i t y .  
Each l e v e l  of s o l a r  a c t i v i t y  produces  a c o r r e s p o n d i n g  decay  h i s -  
t o r y ,  w i t h  t h e  +2a  l e v e l  g i v i n g  t h e  s h o r t e s t  l i f e t i m e .  MSFC has 
shown t h a t  t h i s  +2a l e v e l  o f  a c t i v i t y  w i l l  g i v e  a " g u a r a n t e e d "  
l i f e t i m e .  T h i s  "guaranteed ' '  l i f e t i m e  i s  c o n s i d e r e d  t o  be t h e  
w o r s t  c a s e  and as such  i s  used i n  m i s s i o n  p l a n n i n g  work. 

The a c c u r a c y  o f  t h e  l i f e t i m e  model p r e d i c t i o n  i s  
by t h e  f o r e c a s t  o f  t h e  s o l a r  a c t i v i t y  i n p u t  da ta .  
good solar a c t i v i t y  i n p u t  d a t a ,  t h e  l i f e t i m e  model i s  v e r y  
a c c u r a t e .  For example,  when NSFC used  as i n p u t  data  t h e  
obse rved  v a l u e s  of s o l a r  a c t i v i t y ,  p r e d i c t e d  and a c t u a l  s a t e l -  
l i t e  l i f e t imes  a g r e e d  t o  w i t h i n  . 2 5  p e r c e n t .  

i n t o  t h e  d e n s i t y  model by c o r r e c t i n g  t h e  r a d i u s  of t h e  e a r t h .  
T h i s  c o r r e c t e d  e a r t h  r a d i u s  i s  c a l c u l a t e d  by 

l i m i t e d  
However, g i v e n  

The e f f e c t  of a n o n - s p h e r i c a l  e a r th  can  b e  i n c o r p o r a t e d  

J R~ = R - f s i n  2 i s i n 2  ( w t o )  eq 

where :  Re = ear ths  c o r r e c t e d  r a d i u s  
R = e a r t h  r a d i u s  a t  e q u a t o r  
f = f l a t t e n i n g  c o e f f i c i e n t  
0 = t r u e  anomaly. 

eq  

T h i s  v a l u e  of t h e  e a r t h ' s  r a d i u s  i s  used  t o  d e t e r m i n e  t h e  a l t i t u d e  
f o r  t h e  d e n s i t y  t a b l e .  

The e a r t h ' s  n o n - s p h e r i c a l  g r a v i t a t i o n a l  f i e l d  c a u s e s  
a small p e r i o d i c  o s c i l l a t i o n  of  t h e  s a t e l l i t e ' s  r a d i u s .  
c a u s e s  t h e  s a t e l l i t e ' s  r a d i u s  t o  be  approximated  by 

T h i s  

where: J2  = c o n s t a n t  of e a r t h ' s  s econd  z o n a l  harmonic 

e = e c c e n t r i c i t y .  

T h i s  o s c i l l a t i n g  r a d i u s  i s  a l s o  used  t o  d e t e r m i n e  t h e  a l t i t u d e  
f o r  t h e  d e n s i t y  t a b l e .  
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In -p l ane  components of d r a g  p roduce  a p e r t u r b a t i o n  
on ly  on t h e  r a d i u s  of p e r i g e e  and r a d i u s  of  apogee.  The t i m e  
d e r i v a t i v e  of these  e l e m e n t s  a r e  d e r i v e d  from E q u a t i o n  1 by 
u s i n g  d r a g  as t h e  p e r t u r b a t i o n  f o r c e .  I n  o r d e r  t o  e l i m i n a t e  
t h e  p e r i o d i c  v a r i a t i o n s  of t h e s e  o r b i t a l  e l e m e n t s  and r e t a i n  
on ly  t h e  s e c u l a r  changes ,  these  r a t e s  are  a v e r a g e d  ove r  one 
o r b i t .  T h i s  r e s u l t s  i n  

1 
. 2 T  c o s i )  n ( 4 )  p ( 1 + 2 e  cos0  + e ) ( l t c o s 0 ) d o  

( l t e  

w 2 - C D A ( l t e )  G(1 - - 
r =  a m ( 2 1 ~ )  

0 

. n C O Y 1  J p ( 1 + 2 e  cos0  + e L L  ) ( l t c o s 0 ) d o  ( 4 )  - C D A ( l t e ) '  V P Z L \ L  - - / rn / r lWj  n r =  a 
0 

where :  A = area used  i n  d r a g  f o r c e  c a l c u l a t i o n  
a = semi ma jo r  a x i s  
p = g r a v i t a t i o n a l  c o n s t a n t  f o r  t h e  e a r t h .  

These e q u a t i o n s  a r e  s e e n  t o  b e  i n t e g r a l  e q u a t i o n s  o v e r  
t r u e  anomaly and a re  i n t e g r a t e d  u s i n g  S impson ' s  Rule i n  s t e p s  of  
10'. 
T h i s  r e s u l t s  i n  t h e  d e s i r e d  average  r a t e s .  

The n o n - s p h e r i c a l  g r a v i t a t i o n a l  f i e l d  o f  t h e  e a r t h  does  
p roduce  s e c u l a r  v a r i a t i o n s  i n  t h e  l o n g i t u d e  of a s c e n d i n g  node and 
t h e  argument of p e r i g e e .  An a n a l y t i c  e x p r e s s i o n  f o r  t h i s  s e c u l a r  
v a r i a t i o n  can be d e r i v e d  d i r e c t l y  f rom t h e  t h e o r y .  
a v e r a g i n g  need  b e  made. T h i s  s e c u l a r  v a r i a t i o n  causes  a r o t a t i o n  
of t h e  l i n e  o f  aps ides  and a r e g r e s s i o n  o f  t h e  l i n e  of nodes .  The 
r a t e  of change f o r  t h e s e  e l emen t s  i s  g i v e n  by :  

I n  t h i s  i n t e g r a t i o n  t h e  o r b i t  e l e m e n t s  a re  assumed c o n s t a n t .  

T h e r e f o r e  no  

where:  P = a(1-e 2 >.  



BELLCOMM, I N C .  - 5 -  

T h e r e f o r e  E q u a t i o n s  4 ,  5 ,  6 ,  and 7 r e p r e s e n t  t h e  
a v e r a g e  decay  r a t e s .  The r a d i u s  of apogee and p e r i g e e  r a t e s  
depend on ly  on t h e  d r a g  p e r t u r b a t i o n  f o r c e  w i t h  t h e  e f f e c t s  o f  
o b l a t n e s s  i n c l u d e d  i n  t h e  d e n s i t y  model .  The r a t e s  of  change 
of  t h e  l o n g i t u d e  of a s c e n d i n g  node and argument of p e r i g e e  depend 
only  on t h e  n o n - s p h e r i c a l  g r a v i t a t i o n a l  f i e l d .  I n c l i n a t i o n  i s  
n o t  a f f e c t e d  by t h e s e  p e r t u r b a t i o n s .  

These a v e r a g e  ra tes  a r e  t h e n  i n t e g r a t e d  o v e r  many 
o r b i t s  u s i n g  a s t a n d a r d  Runge-Kutta f o u r t h  o r d e r  scheme. E i t h e r  
t i m e  o r  apogee r a d i u s  may be used as t h e  independen t  v a r i a b l e  
i n  t h e  Runge-Kutta i n t e g r a t i o n .  
s t e p  s i z e  may a l s o  b e  as a f u n c t i o n  o f  t i m e  or apogee r a d i u s  
r e s p e c t i v e l y .  

I n  e i t h e r  c a s e  t h e  i n t e g r a t i o n  

111. S o l a r  and Lunar  E f f e c t s  

P e r t u r b a t i o n s  due t o  s o l a r  p r e s s u r e ,  s o l a r  g r a v i t y ,  
and l u n a r  g r a v i t y  have been added t o  t h e  O r b i t a l  L i f e t i m e  Program. 
The r a t e  of  change o f  each  o r b i t a l  e l emen t  due t o  t hese  p e r t u r -  
b a t i o n s  i s  c a l c u l a t e d  s e p a r a t e l y  and t h e n  added t o  t h e  r a t e s  o f  
change caused  by  t h e  o t h e r  f o r c e s .  

G r a v i t a t i o n a l  f o r c e  p e r t u r b a t i o n s  are computed by 

SE r 

- - - 7  
MP r 

r - MP 3 
ME r 

- 
where:  r = v e c t o r  from sun  t6 : ;stell i+,e SP - 

r = v e c t o r  from s u n  t o  e a r t h  SE - 
r = v e c t o r  from moon t o  s a t e l l i t e  
r = v e c t o r  from moon t o  e a r t h ,  
MP 
ME 
- 

These  g r a v i t a t i o n  f o r c e  p e r t u r b a t i o n s  are t h e n  sub-  
s t i t u t e d  i n t o  Equa t ion  1 t o  o b t a i n  t h e  ra tes  of change of  t h e  
o r b i t a l  e l e m e n t s .  I n  t h i z  c a s e  a l l  f i v e  o r b i t a l  e lement  ra tes  
become i n t e g r a l  e q u a t i o n s  o v e r  360' o f  t r u e  anomaly i n  o r d e r  t o  
e l i m i n a t e  t h e  p e r i o d i c  terms.  
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The a v e r a g e  r a t e  of  change of  e a c h  e l emen t  f o r  t h i s  
one o r b i t  i s  a g a i n  d e t e r m i n e d  by u s i n g  a Simpson ' s  Rule  i n t e -  
g r a t i o n  i n  s t e p s  of l o o  of t r u e  anomaly. S i n c e  t h e  p o s i t i o n  
v e c t o r s  i n  E q u a t i o n s  8 and 9 are a l s o  f u n c t i o n s  o f  t r u e  anomaly, 
t h e y  must a l s o  be e v a l u a t e d  a t  each  s t e p .  These  a v e r a g e  ra tes  
a r e  t h e n  added to t h o s e  caused  by d r a g  and o b l a t n e s s  b e f o r e  
t h e  Runge-Kutta i n t e g r a t i o n .  

Solar p r e s s u r e  w i l l  a f f e c t  on ly  t h o s e  s a t e l l i t e s  w i t h  
a l a r g e  area t o  mass r a t i o .  The  p e r t u r b a t i o n  f o r c e  f o r  t h i s  
e f f e c t  i s  computed by 

A FSP - - - - - 
m 'r 'PS 

- 
where: ePS = u n i t  v e c t o r  from the  s a t e l l i t e  t o  t h e  sun  

'r 
A = area norma l  t o  s u n ' s  r a y s  
m = mass o f  s a t e l l i t e .  

= s o l a r  p r e s s u r e  c o n s t a n t  = 9 5 . 7 7  Newton/ (meter )  2 

T h i s  e f f e c t  assumes t h a t  t h e  d i r e c t i o n  from t h e  e a r t h  t o  t h e  sun  
i s  e q u a l  to t h e  d i r e c t i o n  of t h e  s a t e l l i t e  t o  t h e  s u n .  The same 
method as above i s  a g a i n  employed t o  i n t e g r a t e  t h e s e  e q u a t i o n s  
to o b t a i n  a v e r a g e  r a t e s  of  change for a l l  f i v e  of t h e  o r b i t a l  
e l e m e n t s .  

These s o l a r  and l u n a r  p e r t u r b a t i o n s  r e q u i r e  a knowledge 
o f  t h e  p o s i t i o n  of t h e  sun  and t h e  moon. T h i s  da ta  i s  s u p p l i e d  
by a m o d i f i e d  v e r s i o n  of s u b r o u t i n e  EPHEM f rom t h e  BCMASP program. 
S i n c e  t h e s e  e f f e c t s  are minor ,  t he  program u s e s  t h e  r e f e r e n c e  
c o o r d i n a t e s  o f  t h e  ephemer is  t a p e  and does n o t  t r a n s f o r m  t o  a t r u e  
i n e r t i a l  c o o r d i n a t e  sys t em of d a t e .  

Ephemeris t a p e s  themse lves  seem t o  va ry  g r e a t l y .  A t  
p r e s e n t  Bellcomm i s  u s i n g  a J P L  ephemer is  t ape  which r e f e r e n c e s  
to 1950 mean c o o r d i n a t e s .  Great c a r e  should b e  e x e r c i s e d  when 
u s i n g  or comparing t h e  r e s u l t s  o f  t h e  v a r i o u s  ephemer i s  t a p e s  
and r e f e r e n c e  c o o r d i n a t e s .  The u s e  o f  a t a p e  w i t h  d i f f e r e n t  
r e f e r e n c e  c o o r d i n a t e s  no rma l ly  would n o t  r e s u l t  i n  d i f f e r e n t  
l i f e t i m e s  a l t h o u g h  t h e  r a t e s  o f  decay a t  a g i v e n  t i m e  may v a r y .  

I V .  Results of t h e  S o l a r  and L u n a r  P e r t u r b a t i o n s  

I n  o r d e r  to d e t e r m i n e  t h e  e f f e c t s  of t h e s e  a d d i t i o n a l  
p e r t u r b a t i o n s ,  s e v e r a l  t e s t  cases  u s i n g  t h e  A A P  m i s s i o n  i n  v a r i o u s  
o r b i t s  were a n a l y z e d .  T h i s  study concluded  t h a t  f o r  o r b i t s  below 
350 nm t h e r e  were no  s i g n i f i c a n t  d i f f e r e n c e s  caused  by t h e  p e r t u r -  
b a t i o n s  of  t h e  sun  or moon. 
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The a v e r a g e  r a t e  o f  change of  e a c h  e l emen t  f o r  t h i s  
one o r b i t  i s  a g a i n  d e t e r m i n e d  by u s i n g  a Simpson ' s  Rule  i n t e -  
g r a t i o n  i n  s t e p s  o f  10' of t r u e  anomaly. S i n c e  t h e  p o s i t i o n  
v e c t o r s  i n  E q u a t i o n s  8 and 9 a r e  also f u n c t i o n s  of  t r u e  anomaly, 
t h e y  must a l s o  be  e v a l u a t e d  a t  each  s t e p .  These ave rage  r a t e s  
are  t h e n  added t o  t h o s e  caused  by d r a g  and o b l a t n e s s  b e f o r e  
t h e  Runge-Kutta i n t e g r a t i o n .  

S o l a r  p r e s s u r e  w i l l  a f f e c t  on ly  t h o s e  s a t e l l i t e s  w i t h  
a l a r g e  area t o  mass r a t i o .  The p e r t u r b a t i o n  f o r c e  f o r  t h i s  
e f f e c t  i s  computed by 

- 
where:  epS = u n i t  v e c t o r  from t h e  s a t e l l i t e  to t h e  sun  

'r 
A = area norma l  t o  s u n ' s  r a y s  
m = mass o f  s a t e l l i t e .  

= s o l a r  p r e s s u r e  c o n s t a n t  = 9 5 . 7 7  Newton/(meter)  2 

T h i s  e f f e c t  assumes t h a t  t h e  d i r e c t i o n  f rom t h e  ea r th  t o  t h e  s u n  
i s  e q u a l  t o  t h e  d i r e c t i o n  of  t h e  s a t e l l i t e  t o  t h e  s u n .  The same 
method as above i s  a g a i n  employed t o  i n t e g r a t e  t h e s e  e q u a t i o n s  
t o  o b t a i n  a v e r a g e  r a t e s  of change f o r  a l l  f i v e  of  t h e  o r b i t a l  
e l e m e n t s  . 

These s o l a r  and l u n a r  p e r t u r b a t i o n s  r e q u i r e  a knowledge 
of t h e  p o s i t i o n  of  t h e  sun  and t h e  moon. T h i s  data i s  s u p p l i e d  
by a m o d i f i e d  v e r s i o n  of  s u b r o u t i n e  EPHEM f rom t h e  BCMASP program. 
S i n c e  t h e s e  e f f e c t s  are minor ,  t h e  program u s e s  t h e  r e f e r e n c e  
c o o r d i n a t e s  o f  t h e  ephemer is  t a p e  and does n o t  t r a n s f o r m  t o  a t r u e  
i n e r t i a l  c o o r d i n a t e  sys tem of d a t e .  

Ephemeris t a p e s  themse lves  seem t o  v a r y  g r e a t l y .  A t  
p r e s e n t  Bellcomm i s  u s i n g  a JPL ephemer is  t ape  which r e f e r e n c e s  
t o  1950 mean c o o r d i n a t e s .  Grea t  c a r e  s h o u l d  b e  e x e r c i s e d  when 
u s i n g  or comparing t h e  r e s u l t s  o f  t h e  v a r i o u s  ephemer is  tapes  
and r e f e r e n c e  c o o r d i n a t e s .  The  use of a t a p e  w i t h  d i f f e r e n t  
r e f e r e n c e  c o o r d i n a t e s  normal ly  would n o t  r e s u l t  i n  d i f f e r e n t  
l i f e t i m e s  a l t h o u g h  t h e  ra tes  o f  decay a t  a g i v e n  t i m e  may v a r y .  

I V .  R e s u l t s  of t h e  S o l a r  and Lunar P e r t u r b a t i o n s  

I n  o r d e r  t o  de t e rmine  t h e  e f f e c t s  of t h e s e  a d d i t i o n a l  
p e r t u r b a t i o n s ,  s e v e r a l  t e s t  c a s e s  u s i n g  t h e  AAP m i s s i o n  i n  v a r i o u s  
o r b i t s  were a n a l y z e d .  T h i s  study concluded  t h a t  f o r  o r b i t s  below 
350 nm t h e r e  were no  s i g n i f i c a n t  d i f f e r e n c e s  caused  by  t h e  p e r t u r -  
b a t i o n s  of  t h e  sun  or moon. 
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A s a t e l l i t e  of  2 5  k i log ram mass and . 0 5  s q u a r e  meter 
area was t h e n  a n a l y z e d  i n  a 400 nm c i r c u l a r  o r b i t .  F o r  t h i s  
c a s e  t h e  decay r a t e s  of apogee and p e r i g e e  ( t h e  program d e f i n e s  
an apogee and a p e r i g e e  i n  t h e  c a s e  of a c i r c u l a r  o r b i t )  are  
shown i n  F i g u r e  1. T h e s e  r a t e s  are for t h e  c a s e  where a t m o s p h e r i c  
d e n s i t y  i s  e q u a l  t o  z e r o  and on ly  s o l a r  and l u n a r  g r a v i t a t i o n a l  
p e r t u r b a t i o n s  are c o n s i d e r e d .  F i g u r e  1 shows t h a t  t h e s e  e f f e c t s  
c a u s e  t h e  apogee and p e r i g e e  ra tes  t o  have a 180' p h a s e  d i f f e r e n c e .  
The magnitude o f  t h e  r a t e s  a t  a g i v e n  t i m e  i s  n o t  e q u a l ,  however.  
I f  t h e  d r a g  f o r c e  were i n c l u d e d  i n  t h e  ra te  c a l c u l a t i o n s ,  t h i s  
combina t ion  o f  f o r c e s  c o u l d  cause a d i f f e r e n c e  i n  l i f e t imes .  

V. Use of Program 

The program i s  k e p t  on tape and a F a s t r a n d  f i l e  for 
r e a d y  a c c e s s .  T h e  computer  t i m e  f o r  on ly  t h e  d r a g  p e r t u r b a t i o n  
l i f e t i m e ,  a v e r a g e s  abou t  1-1 /2  m i n u t e s  f o r  a 400-day l i f e t i m e .  
I f  a l l  p e r t u r b a t i o n s  are i n c l u d e d  about  2-1/2 minu te s  a re  needed .  
If  a s t u d y  were to b e  unde r t aken  u s i n g  t h e  a d d i t i o n a l  p e r t u r b a t i o n s ,  
i t  i s  a d v i s a b l e  t o  g e n e r a t e  a F a s t r a n d  f i l e  w i t h  t h e  ephemer is  
da ta  needed .  T h i s  would e l i m i n a t e  t h e  l o s t  computer t i m e  d u r i n g  
m u l t i p l e  r u n s  when a t a p e  rewind and new s e a r c h  are e x e c u t e d .  
S i n c e  t h e  F a s t r a n d  r ewind  i s  a lmost  i n s t a n t a n e o u s  and a smaller 
amount o f  data would be  p r e s e n t  t o  s e a r c h ,  t h e  l o s t  t i m e  i s  
r e d u c e d  t o  l e s s  t h a n  1/10 o f  t h a t  l o s t  u s i n g  t a p e s .  Care must 
be  t a k e n  t o  i n s u r e  t h e  ephemeris  d a t a  on t h e  f i l e  c o v e r s  t h e  
da tes  of t h e  l i f e t i m e .  

V I .  Summary 

S o l a r  and l u n a r  p e r t u r b a t i o n s  have been added t o  t h e  
O r b i t a l  L i f e t i m e  Program t o  keep Bellcomm's v e r s i o n  compa t ib l e  
w i t h  MSFC. These p e r t u r b a t i o n s  w i l l  a f f e c t  s a t e l l i t e s  i n  a v e r y  
h i g h  o r b i t  or t h o s e  w i t h  a very l i g h t  weight  and a l a r g e  area.  
The  AAP m i s s i o n  l i f e t i m e  i s  u n a f f e c t e d  by  t h e s e  a d d i t i o n a l  D e r -  
t u r b a t i o n s .  

1 0 2  5 - R c p - d ~ ~  
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